We analyzed the association between wet bulb globe temperature (WBGT) and mortality, and compared WBGT with mean temperature for evaluating mortality risk in 47 Japanese prefectures using data from 1972-2012. Methods: We first calculated the prefecture-specific effect of WBGT on mortality using a time series regression model combined with a distributed lag non-linear model, and then used the same modelling strategy to examine the mean temperature. Second, we compared the minimum mortality WBGT (MMW) and minimum mortality (mean) temperature (MMT) for all the prefectures. Results: We found that the curves of WBGT-and mean temperature-mortality were similar and an inverse J-shape was identified among most prefectures. In northern areas, the heat effect was comparable to the cold effect, and in southern areas, the cold effects were more pronounced. In general, MMW and MMT increased from north to south, except for some prefectures. The MMW and MMT percentile values ranged between the 80th and 90th percentile for most prefectures. We compared MMW and MMT for all the prefectures and found that Kochi is an outlier. We conducted an identical analysis for Kochi except for setting shorter lags (seven days from the original 21 days), because the heat effect usually has a short lag. After this modification, Kochi became a non-outlier. This implies that Kochi appeared to be an outlier because the model had an extraneous long lag. Conclusions: We found mean temperature and WBGT were highly correlated in the evaluation of mortality in most prefectures. Therefore, in cases where WBGT data are not available for heat warnings, mean temperature is a good substitute.
relation between temperature and mortality is a U-, V-, or J-shaped curve (i.e., mortality is higher at high or low temperatures) 12, 13) .
To date, most studies have used ambient temperatures (i.e., daily mean, minimum or maximum temperature) to assess temperature-mortality associations 5, 14) . However, some composite indices, such as apparent temperature, heat index, and wet-bulb globe temperature (WBGT) have also been associated with health outcomes [15] [16] [17] [18] [19] .
Temperature-mortality associations have also been explored in Japan using the ambient temperature as the exposure index [20] [21] [22] . However, although WBGT has been used in heat warning systems or to restrict activity restriction at schools 23) , there has been no study exploring the association of WBGT with mortality for all 47 prefectures in Japan. Moreover, we do not yet know if WBGT is superior to simple temperature when used as an exposure index in Japan. Therefore, the current study aimed to analyze the WBGT-mortality association and to compare WBGT with mean temperature when evaluating the mortality risk in 47 Japanese prefectures.
II. Methods

Data collection
We collected data on the daily number of deaths and weather variables from all 47 Japanese prefectures, during the period 1972-2012 (except for Okinawa, which was 1973-2012). Mortality was represented by daily counts of death from all causes.
The mortality data were obtained from the Ministry of Health, Labor, and Welfare with special permission.
We collected weather data from the Japan Meteorology Agency. We used daily mean values of temperature (℃) and water vapor pressure (hPa) calculated from the 24 h average.
Estimation of the WBGT
Many equations have been proposed for estimating WBGT 24, 25) . In this study, we followed the method used by the Bureau of Meteorology of Australia (WBGT 0.567 ＊ temperature 0.393 ＊ water vapor pressure 3.94). This method does not consider variations in the intensity of wind speed or of solar radiation, and assumes a moderately high radiation level in light wind conditions. Use of this approximation may be inaccurate in cases of cloudy and windy conditions 26) . Because most of the days when a heat warning would be issued are bright days without strong wind, we consider this assumption acceptable.
In this study, we used daily mean temperature and daily mean vapor pressure to calculate daily mean WBGT. In the case of temperature, daily maximum temperature and daily mean temperature have a very high correlation, and temperature impact evaluation can be done using either daily maximum temperature or daily mean temperature.
In this study, we used daily mean WBGT as the main exposure index, and daily mean temperature for comparison. For brevity, we use "WBGT" instead of daily mean WBGT from here.
Statistical analysis
In this study, we used a quasi-Poisson regression model combined with a distributed lag nonlinear model (DLNM) 27) to estimate WBGT-and temperature-mortality relationships for each prefecture. The main advantage of DLNM is the ability to simultaneously estimate the nonlinear association of mortality with present day exposure, and its lag 9, 28) . In the models, we used a natural cubic spline of time with eight degrees of freedom (df)
per year to control for long term and seasonal trends, and we controlled for day of the week as a categorical variable after examining the parameter settings of some representative studies 22, 29) .
We modelled the exposure-response curve for both mean temperature and WBGT with a natural cubic spline with three internal knots placed at the 10 th , 75 th and 90 th percentiles of prefecture specific WBGT and temperature distributions. For the lag-response curve, we used a natural cubic spline with an intercept and five internal knots at equally spaced values on the log scale. A maximum lag of 21 days was used to capture the long delay of the cold effect [30] [31] [32] [33] . The minimum mortality WBGT (MMW) and the minimum mortality temperature (MMT) were used as reference values to calculate the relative risks. Each lag day has its own risk, but, for easier understanding, we show overall cumulative risk, which is the sum of the contributions for 21 days across the lag, unless otherwise stated.
To obtain MMW and MMT and their confidence intervals (CIs), we used a newly proposed method 34) . In cases that there were multiple local minimum risks, we took the highest value 35) . After obtaining the MMWs and MMTs, we explored the relations between the two. Figure 3 shows the associations between temperature-and WBGT-mortality for the outlier (Kochi). The estimated MMT is at the maximum of its temperature range.
III. Results
IV. Discussion
In this study, we examined the effects of WBGT on all-cause mortality and compared it with the effects from mean temperature using data from 47 Japanese prefectures. To the best of our knowledge, this is the first study to systematically compare WBGT and temperature for all of Japan.
As was shown in previous studies, we also observed that, overall, the pattern of WBGT mortality was generally inverse J-shaped, and the northsouth differences were in line with the results from previous studies 21, 22) . Although some prefectures showed inconsistent patterns, like Iwate, that may be due to its low population density and other unknown extraneous factors. Moreover, in terms of Iwate, although the colder part showed a strange pattern, usual definition of MMT / MMW is the highest temperature among multiple local minimum mortality risks 35) , and the MMT / MMW appeared similar to the neighboring prefectures. We found extreme cold temperatures and WBGT had stronger effects than did extreme hot temperatures and WBGT in most of the prefectures. The cold effects were more apparent in southern areas, while the heat effects were more pronounced in northern areas; which is also in line with results from previous studies 22, 36) . As with MMT, MMW increased from north to south. In summary, the mortality patterns associated with mean temperature and WBGT showed similar patterns. In this regard, either measure could be used in risk evaluations, at least in Japan.
Kochi and Tokushima were outliers in the pat- weeks, while the heat effects were limited within a few days 22, 30, 36) . We first used 21 lag days to capture the longer lag effect for cold, but the lag effect for heat was considered to be much shorter. Although in a simulation study 37) DLNM appropriately captured both short and long lag effects, in some real cases, due to accident or disaster; a long lag effect could be erroneous. To explore this issue, we conducted an identical analysis for Kochi, except for setting a shorter lag of seven days. As shown in Figure 4 , with this adjustment, the estimated set of MMT and MMW became non-outliers. In addition, Figure 5 shows that there was virtually no heat effect for lag days close to Day 7. This implies that, in this case, it is not necessar y to use a lag longer than seven days to evaluate the heat effect.
There are limits to this study. First, the formula we used to estimate WBGT assumes moderately high radiation in light wind, and constant wind speed or solar radiation. This partly explains why temperature and WBGT yielded similar results, but at least we showed that humidity did not systematically alter the relation. Because a more sophisticated method for WBGT estimation was used in a study of a limited number of areas in Japan, our next step will be to evaluate the use of this sophisticated method. However, this involves hourly measurements of radiation and would be difficult to use in a multi-country study. On the other hand, our simple WBGT method could be used in such settings.
V. Conclusions
We found mean temperature and WBGT were highly correlated when evaluating mortality in most prefectures. Therefore, the mean temperature is a good index to use when obtaining WBGT for a heat warning is difficult.
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Fig. S1 The overall cumulative mortality effect of WBGT and temperature in 47 Japanese prefectures, 1972-2012: All show unconstrained minimum mortality temperature and solid vertical lines are minimum mortality temperature or minimum mortality WBGT, and dashed vertical lines are their 95% confidence intervals. RR indicates the relative risk. Tave is mean temperature.
